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INTRODUCTION

This 2015 Action Plan for the Muscular Dystrophies has been developed under the auspices of the U.S.
interagency Muscular Dystrophy Coordinating Committee. As an outline of the priority needs to improve
treatments and reduce the disease burden for all types of muscular dystrophies, it is intended to be a
blueprint for the entire muscular dystrophy community. All stakeholders, including academic
researchers, companies, government agencies, patient advocacy groups, and patients and their families,
have a shared responsibility for meeting the needs described herein, and thereby improving the lives of
people living with muscular dystrophy. While the Action Plan includes some objectives for specific types
of muscular dystrophies, most objectives address shared needs of the field as a whole. The 2015 MDCC
Action Plan for the Muscular Dystrophies has added value in that it can serve as both a starting point
and a guide for individual disease communities to tailor strategic plans for their specific types of
muscular dystrophy.

The Muscular Dystrophies

The muscular dystrophies are a group of more than 30 genetic diseases characterized by progressive
degeneration of skeletal muscles, which includes muscles of respiration. The muscular dystrophies
differ in their age of onset, penetrance, severity, and pattern of muscles affected. Many dystrophies also
affect other organ systems such as the heart, brain, blood vessels, and gastrointestinal tract. Some
forms occur in infancy or childhood, whereas others usually do not appear until middle age or later.

e Congenital muscular dystrophies (CMD). The CMDs are a group of muscular dystrophies with
different genetic causes that cause weakness at birth. Muscle degeneration can be mild or
severe, and may be restricted to skeletal muscle, or paired with effects on the brain and other
organs. Several forms of CMD are caused by defects in the interactions of muscle cells with the
surrounding protein matrix.

e Duchenne and Becker muscular dystrophies (DMD, BMD). DMD is an X-linked recessive disease
and is the most common childhood form of muscular dystrophy. DMD usually becomes evident
when a child begins walking. Because it is carried on the X chromosome and its effects are
masked by the normal gene, it primarily affects males. Women are carriers and may be affected
due to patterns of X-inactivation. About 1/3 of cases are spontaneous with no prior family
history. Boys who have DMD lack the protein dystrophin, which muscle cells need to function
properly. BMD, a less severe disease, typically first manifests around 12 years; some patients
have no symptoms until much later in life. BMD is a consequence of dystrophin mutations that
do not eliminate protein expression, but instead result in the production of truncated forms of
dystrophin that are only partially functional.

e Facioscapulohumeral muscular dystrophy (FSHD). FSHD often affects muscles of the face (facio),
shoulders (scapulo), and upper arms (humeral), and may affect any skeletal muscle in the body,
including the trunk and legs. Symptoms are highly variable, with weakness appearing from
infancy to late in life, but typically in the second decade. Disease progression is typically slow
and often results in significant impairment; 20% of patients over 50 years of age lose
ambulation. FSHD exhibits autosomal-dominant inheritance, and most cases of FSHD1 are
associated with deletions of tandem repeats, termed D4Z4, in a distal region of chromosome 4
(4935). FSHD2 is caused by mutations in SMCHD1.
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e Limb-girdle muscular dystrophies (LGMDs). LGMDs show a similar distribution of muscle
weakness, affecting both upper arms and thighs. Scientists have identified more than 25 forms
of LGMDs; they can have a childhood onset, although more often symptoms appear in
adolescence or young adulthood. Several forms are due to mutations in a component of the
dystrophin-glycoprotein complex or in defects in proteins that associate with the complex.
However, many of the LGMDs are due to mutations in genes that have functions unrelated to
the dystrophin-glycoprotein complex and in some cases the gene function is not yet known.
LGMDs exhibit autosomal dominant (designated LGMD1) or autosomal recessive (LGMD2)
inheritance patterns.

e Myotonic dystrophy (DM). DM is commonly an adult form of muscular dystrophy, although
forms of this disease can affect children, including newborns. It is marked by myotonia (an
inability to relax muscles after they contract) and muscle wasting and weakness. DM varies in
severity and symptoms. It affects body systems in addition to skeletal muscles which commonly
includes symptoms such as day-time sleepiness, gaps in executive function and follow through,
central fatigue, and gastrointestinal symptoms. DM type 1 and type 2 are caused by nucleotide
repeat expansions in the affected genes, DMPK and CNBP, respectively.

Other forms of muscular dystrophy include oculopharyngeal muscular dystrophy (OPMD), distal
muscular dystrophy, and Emery-Dreifuss muscular dystrophy.

Currently, no treatment can stop or reverse the progression of any form of muscular dystrophy.
Treatments such as physical therapy, use of appliances for support, corrective orthopedic surgery, and
drugs can reduce symptoms and improve quality of life for some individuals. Corticosteroids are often
used in DMD for symptomatic treatment, but do not alter the ultimate course of the disease and have
undesirable side effects. Therapy development is underway for several forms of muscular dystrophies,
and several potential therapies have either moved into clinical trials or are nearing readiness for clinical
trials.

The Muscular Dystrophy Coordinating Committee (MDCC)

MDCC Authorization: The Muscular Dystrophy Community Assistance, Research, and Education
Amendments of 2001 (MD-CARE Act; P.L. 107-84) authorized the establishment of the MDCC, with
members appointed by the Secretary of the Department of Health and Human Services, in order to
coordinate activities across the National Institutes of Health (NIH) and with other Federal health
programs and activities relevant to the various forms of muscular dystrophy. The MDCC was
subsequently re-authorized in the Paul D. Wellstone Muscular Dystrophy

Community Assistance, Research and Education Amendments of 2008 and 2014 (MD-CARE Acts of 2008,
P.L. 110-361, and 2014, P.L. 113-166), with changes in its composition with each re-authorization.

MDCC Composition: The most recent version of the MDCC Charter, based upon the MD-CARE Act of
2014, stipulates that:

“...the Committee will consist of not more than 18 members, including the Chair, appointed by
the Secretary. Two-thirds of the members will represent governmental agencies, including the
directors or their designees of each of the national research institutes involved in research with
respect to muscular dystrophy and representatives of all other Federal departments and
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agencies whose programs involve health functions or responsibilities relevant to these diseases,
including the Centers for Disease Control and Prevention (CDC), the Health Resources and
Services Administration (HRSA), the Food and Drug Administration (FDA), the Administration for
Community Living (ACL), and representatives of other governmental agencies including the
Department of Education (DoEd) and the Social Security Administration (SSA). One-third of the
members will represent the public, including a broad cross section of persons affected with
muscular dystrophies, including parents or legal guardians, affected individuals, researchers, and
clinicians.”

Taken together, the new legislation authorizes three additional members (ACL, SSA, and an additional
Public Member/Special Government Employee), to be added during 2015—these new members will join
those listed in the roster on page 2 of this document.

MDCC Mission: According to the MDCC Charter, the:

“Committee will develop a plan for conducting and supporting research and education on muscular
dystrophy through the national research institutes, and will periodically review and revise the plan. The
plan will (a) provide for a broad range of research and education activities relating to biomedical,
epidemiological, psychosocial, and rehabilitative issues, including studies of the impact of these diseases
in rural and underserved communities; (b) identify priorities among the programs and activities of the
NIH regarding these diseases; and (c) reflect input from a broad range of scientists, patients, and
advocacy groups. In developing this plan, the Committee may evaluate the potential need to enhance
the clinical research infrastructure required to test emerging therapies for the various forms of muscular
dystrophy by prioritizing achievement of the goals related to this topic.”

MDCC Planning Efforts: The MD-CARE Act of 2001 directed the MDCC to develop a plan for conducting
and supporting research and education on muscular dystrophy through the national research institutes,
and to submit this plan to Congress within the first year of the establishment of the MDCC. This first
planning stage led to the Muscular Dystrophy Research and Education Plan for NIH, which was
submitted to Congress in August 2004. This initial plan formed the basis for a subsequent, more
intensive planning process that produced the 2005 MDCC Action Plan for the Muscular Dystrophies
(http://www.ninds.nih.gov/about ninds/groups/mdcc/MDCC Action Plan.pdf), which was approved by
the MDCC in December 2005. The 2005 MDCC Action Plan contains specific objectives that are
appropriate to the missions of MDCC member agencies and organizations and has served as a central
focus for coordination of efforts in muscular dystrophy. The next stage in planning is described in this
document, the 2015 MDCC Action Plan for the Muscular Dystrophies.

The Path Forward for the Muscular Dystrophies

In the decade since the development of the 2005 MDCC Action Plan for the Muscular Dystrophies, there
has been tremendous progress in several (but not all) areas, including mechanistic understanding of
these disorders, development of therapeutic strategies, with multiple candidate therapies progressing
to clinical trials, and improvements in clinical management and quality of life for people living with
muscular dystrophy. Much of this progress has come about through improved partnering across the
advocacy-academic-company-government stakeholders in the field.

There is, as yet, no cure for any type of muscular dystrophy. Moreover, no one party has the resources
to produce a novel therapy on their own. As the prospects for efficacious therapies improve for all of
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the muscular dystrophies, it is clear that the opportunities and challenges that the field faces are only
increasing—issues such as newborn screening, pediatric patients living into adulthood, and
reimbursement for very expensive drugs were not on the horizon ten years ago. This is reflected in the
2015 MDCC Action Plan in the form of recommendations for: deeper understanding of disease
mechanisms and more careful vetting of therapeutic targets; better aggregation of
mutation/polymorphism, patient sample, and genotype-phenotype data to improve diagnostics, to
identify people with muscular dystrophy earlier and with more reliability, and to qualify biomarkers;
improvement of the efficiency of preclinical and clinical vetting of candidate therapeutics in order to
avoid failures in late stages of clinical trials that can be catastrophic to the field; and increasing the
efforts and urgency to address the quality of life, education, and employment of people living with
muscular dystrophies.

Taken together, the muscular dystrophy landscape is considerably more complex, and adequate
solutions to the myriad of problems will require a new, considerably higher level of cooperation among
stakeholders in the field, and collaborations with new partners. The 2015 MDCC Action Plan for the
Muscular Dystrophies provides a roadmap for those collaborations.

2015 MIDCC ACTION PLAN PROCESS

The process for undertaking the 2015 MDCC Action Plan for the Muscular Dystrophies was approved at
the August 26, 2013, meeting of the MDCC. Recommendations for experts in basic, translational, and
clinical science of the muscular dystrophies were solicited from MDCC membership, and the MDCC
Action Plan Working Group was appointed. Participants were selected to ensure that all of the major
types of muscular dystrophy were represented, and that there was sufficient expertise relevant to the
major Action Plan topics. Thirty-four muscular dystrophy experts participated in the Action Plan
Working Groups. Working Groups were formed to evaluate needs in five topic areas: Mechanisms of
Muscular Dystrophy; Diagnosis, Screening, and Biomarkers for Muscular Dystrophy; Preclinical
Therapy Development for Muscular Dystrophy; Clinical Therapy Development for Muscular Dystrophy;
and Living with Muscular Dystrophy. Objectives developed by the five Working Groups that addressed
cross-cutting support structure were subsequently compiled into a sixth topical area, Infrastructure
for the Muscular Dystrophies.

The Action Plan Working Groups (see 2015 MDCC Action Plan Process Participants), working in
coordination with NIH, CDC, and DMD Research Program (DMDRP)/Department of Defense (DoD) staff
(Working Group Liaisons), developed the 2015 MDCC Action Plan for the Muscular Dystrophies. Working
Groups evaluated the status of objectives from the 2005 Action Plan, either revising or eliminating them,
and developed new objectives to address priority gaps in each topic area. Objectives that were revised
or newly developed by each Working Group were presented and vetted at a face-to-face meeting on
July 28-29 at the NIH. Participants at this meeting included MDCC members, patient advocacy groups,
and individuals living with muscular dystrophy or their family members. NIH staff then consolidated the
overall MDCC Action Plan. This included combining similar objectives from the different Working Groups
and moving some objectives to a separate Infrastructure for the Muscular Dystrophies section. The
assembled 2015 Action Plan then was made available for public comment, prior to discussion at an
MDCC meeting in March 2015. Public comments received through a Request for Information were
compiled and coded as to the topic area discussed. All attempts were made to incorporate these
suggestions into the final version of the 2015 Action Plan.

2015 MDCC Action Plan for the Muscular Dystrophies Page 7



Comparisons between the 2005 and 2015 Action Plans

To provide historical consistency for the Action Plan process, we compared the structure and individual
objectives in the 2005 Plan to the final recommendations for the 2015 Plan. All but a few of the 76
objectives in the 2005 Action Plan have been carried forward, although the topics have evolved due to
research advances and better understanding of the problems and obstacles. The overall structure
remained largely the same, with the section on Therapy of Muscular Dystrophy in the previous plan
being expanded to the two sections on Preclinical Therapy Development and Clinical Therapy
Development, since these are the areas of research that have seen the greatest growth over the past
ten years. Previous topics in Mechanisms of Muscular Dystrophies that focused on a single disease, such
as signal transduction or epigenetic regulation, were expanded to other dystrophies, reflecting advances
in understanding of common features of disease pathophysiology. A notable new objective in the
Mechanism section is focused on understanding the causes of variation in the course of disease in
patients with the same mutations. The Diagnosis and Screening section was expanded with the addition
of biomarkers suitable for use in future clinical trials. A previous objective encouraging support for
disease-specific registries has evolved to promote cross-communication and strategies for
harmonization among registries. Three objectives on optimizing the research use of muscle biopsy
material were condensed into one, which corresponds with a shift in the field to focus more on non- or
minimally-invasive approaches for patient diagnosis. Objectives on cell and gene therapy and genome
editing in the Therapy of Muscular Dystrophy section have been carried over and consolidated in the
revised Plan, as some obstacles have been overcome while others have been revealed. The 2015 Plan
has an increased emphasis on improving the process of preclinical translation, with new objectives on
assay development, effective use of animal models, standardizing outcome measures and exploring
combination therapies. The Clinical Therapy Development section expands on the theme of drug
repurposing opportunities to address inflammation, fibrosis and other components of the pathology of
muscular dystrophies. This section also carries over and further emphasizes the need for studies on the
systemic consequences of the muscular dystrophies including effects on the skeleton, nervous,
endocrine, digestive, cardiovascular and pulmonary systems. The topic of cardiopulmonary
consequences of the dystrophies has been reinforced and separated into cardiac and
respiratory/pulmonary, with new emphasis on sleep-related breathing disorders. In the section on
Living with Muscular Dystrophy, several objectives were carried over from the previous Plan for
continuing to advance understanding of the determinants of patient quality of life and disease burden,
and additional research on secondary conditions. Objectives were also carried over and reinforced on
the integration of people living with muscular dystrophies into the education system and strategies for
improving vocational outcomes. A new objective emphasizes the need for additional studies to measure
the economic impact of the dystrophies on patients, families and society. An objective from the original
Plan for establishing educational conferences for patients and families was dropped from the 2015 plan,
since this has largely been accomplished by advocacy groups and clinicians working together with the
patient communities. The Infrastructure section underwent the most change, with several objectives
eliminated and new objectives added. Several objectives from the 2005 plan on quality of life,
rehabilitation and educational assessment moved to the Living with Muscular Dystrophy section of the
2015 plan. Dropped were Infrastructure objectives on publicizing available research resources and
training opportunities, and establishing a conference series to promote international communication.
The breadth and quality of communications within the dystrophy communities has significantly
advanced since 2005 and the Working Group participants did not consider it necessary to further
emphasize these activities. There is significant emphasis on infrastructure for clinical trial readiness in
the 2015 Plan, including clinical research networks, registries, facilitating international trials and training
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the next generation of researchers. Overall, few of the objectives of the 2005 Action Plan can be
considered completed. This is due to the ambitious nature of the objectives identified by the Working
Groups, which will require decades of effort to overcome. Advances in understanding disease
mechanism, development of many innovative candidate therapeutics and the early advances in clinical
trials have all uncovered some new challenges. The efforts of all of the organizations that participate in
the MDCC will be required to address the objectives and goals described in this Plan.
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Mechanisms of Muscular Dystrophy Working Group:
James Dowling, M.D., Ph.D., Clinician-Scientist, Division of Neurology, Hospital for Sick Children

Stanley Froehner, Ph.D., Professor and Chair, Department of Physiology and Biophysics,
University of Washington

Lou Kunkel, Ph.D., Professor, Department of Genetics and Pediatrics, Harvard Medical School
Grace Pavlath, Ph.D., Professor, Department of Pharmacology, Emory University
Laura Ranum, Ph.D., Professor and Director, Center for NeuroGenetics, University of Florida

Melissa Spencer, Ph.D., Professor of Neurology, University of California, Los Angeles School of
Medicine

Silvere van der Maarel, Ph.D., Professor and Head, Department of Human Genetics, Leiden
University Medical Center

Howard J. Worman, M.D., Professor, Departments of Medicine and of Anatomy and Cell Biology,
Columbia University College of Physicians and Surgeons

Glen Nuckolls, Ph.D., Health Scientist Administrator, National Institute of Arthritis and
Musculoskeletal and Skin Diseases, National Institutes of Health (Working Group Liaison)

Diagnosis, Screening, and Biomarkers for Muscular Dystrophy Working Group:
Kevin M. Flanigan, M.D., Professor, Research Institute at Nationwide Children's Hospital
R. Rodney Howell, M.D., Professor of Pediatrics, University of Miami
Priya Kishnani, M.D., Professor of Pediatrics, Division Chief, Medical Genetics, Duke University
Katherine Mathews, M.D., Professor, Department of Pediatrics, University of lowa
Steven Moore, M.D. Ph.D., Professor, Department of Pathology, University of lowa

Rabi Tawil, M.D., Professor, Department of Neurology, University of Rochester

2015 MDCC Action Plan for the Muscular Dystrophies Page 9



Krista Vandenborne, PT, Ph.D., Professor and Chair, Department of Physical Therapy, University
of Florida College of Public Health and Health Professions

Tiina Urv, Ph.D., Program Director, Eunice Kennedy Shriver National Institute of Child Health and
Human Development, National Institutes of Health (Working Group Liaison)

Preclinical Therapy Development for Muscular Dystrophy Working Group:

Jeff Chamberlain, Ph.D., Professor, Departments of Neurology, Medicine, and Biochemistry,
University of Washington

Cristina Csimma, PharmD, MHP, Founder, Director, and Advisor, Cydan

Elizabeth M. McNally, M.D., Ph.D., Professor, Department of Medicine, Section of Cardiology,
University of Chicago

Lee Sweeney, Ph.D., Director, Center for Orphan Disease Research and Therapy and Professor of
Physiology, University of Pennsylvania

Stephen Tapscott, M.D., Ph.D., Professor, Fred Hutchinson Cancer Research Center
Charles Thornton, M.D., Professor, Department of Neurology, University of Rochester

Marielena McGuire, Ph.D., Program Manager, Department of Defense/Congressionally Directed
Medical Research Programs (Working Group Liaison)

John D. Porter, Ph.D., Program Director, National Institute of Neurological Disorders and Stroke,
National Institutes of Health (Working Group Liaison)

Clinical Therapy Development for Muscular Dystrophy Working Group:
Carsten G. Bbnnemann, M.D., Senior Investigator and Chief, Neuromuscular and Neurogenetic
Disorders of Childhood Section, National Institute of Neurological Disorders and Stroke, National

Institutes of Health

Katie Bushby, M.D., FRCP, Professor of Neuromuscular Genetics, Institute of Genetic Medicine,
Newcastle University

Paula Clemens, M.D., Professor, Department of Neurology, University of Pittsburgh

John Day, M.D., Ph.D., Professor, Departments of Neurology and Pediatrics, Stanford University
School of Medicine

David Kass, M.D., Professor, Department of Medicine; Abraham and Virginia Weiss Professor of
Cardiology, Johns Hopkins School of Medicine

John Kissel, M.D., Professor and Chair, Department of Neurology, The Ohio State University

2015 MDCC Action Plan for the Muscular Dystrophies Page 10



Kathryn Wagner, M.D., Ph.D., Director, Center for Genetic Muscle Disorders, Kennedy Krieger
Institute

Jonathan Kaltman, M.D., Medical Officer, National Heart, Lung, and Blood Institute, National
Institutes of Health (Working Group Liaison)

Living with Muscular Dystrophy Working Group:
Doug W. Biggar, M.D., Professor, Bloorview Research Institute

Chad R. Heatwole, M.D., MS-Cl, Assistant Professor, Department of Neurology, Neuromuscular
Division, University of Rochester Medical Center

Susan lannaccone, M.D., Director, Pediatric Neurology, University of Texas Southwestern
Medical Center

Annie Kennedy, Senior Vice President — Legislation and Public Policy, Parent Project Muscular
Dystrophy

Craig M. McDonald, M.D., Professor and Chair, Department of Physical Medicine and
Rehabilitation, University of California, Davis

Chris Rosa, Ph.D., Dean for Student Affairs, City University of New York, individual living with
Becker muscular dystrophy

Lisa Tuchman, M.D., M.P.H., Children's National Medical Center

Julie Bolen, Ph.D., Lead Health Scientist, Centers for Disease Control and Prevention (Working
Group Liaison)

2014 Muscular Dystrophy Coordinating Committee Participants (with affiliations at the time of the
meeting of Working Groups):

Valerie Cwik, M.D., Executive Vice President & Chief Medical and Scientific Officer, Muscular
Dystrophy Association

Brian Denger, Parent Project Muscular Dystrophy, parent of two sons with Duchenne muscular
dystrophy

Alan E. Guttmacher, M.D., Director, Eunice Kennedy Shriver National Institute of Child Health
and Human Development, National Institutes of Health

Stephen Katz, M.D., Ph.D., Director, National Institute of Arthritis and Musculoskeletal and Skin
Diseases, National Institutes of Health

Story Landis, Ph.D., Director, National Institute of Neurological Disorders and Stroke, National
Institutes of Health

2015 MDCC Action Plan for the Muscular Dystrophies Page 11



Richard Olney, M.D., M.P.H., Medical Officer, Centers for Disease Control and Prevention

Daniel Perez, President and Chief Executive Officer, FSH Society, individual living with
Facioscapulohumeral muscular dystrophy

Anne Rutkowski, M.D., Vice Chair, Cure CMD, parent of child with congenital muscular
dystrophy

Wanda Salzer, M.D., Director, Congressionally Directed Medical Research Programs/
Department of Defense

Theresa San Agustin, M.D., Program Officer, National Institute of Disability and Rehabilitation
Research, Office of Special Education and Rehabilitative Services, U.S. Department of Education

Bonnie Strickland, Ph.D., Director, Division of Services for Children with Special Health Care
Needs, Health Resources and Services Administration, U.S. Department of Health and Human

Services

Peter Wald, M.D., M.P.H., Enterprise Medical Director, USAA, individual and family living with
myotonic dystrophy

Other Participants:

Tom Cheever, Ph.D., AAAS Science & Technology Policy Fellow, National Institute of Neurological
Disorders and Stroke, National Institutes of Health

Jonelle Drugan, Ph.D., M.P.H., Science Policy Analyst, National Institute of Arthritis and
Musculoskeletal and Skin Diseases, National Institutes of Health

Lisa Kaeser, J.D., Director, Office of Legislation and Public Policy, Eunice Kennedy Shriver
National Institute of Child Health and Human Development, National Institutes of Health

Heather Rieff, Ph.D., Senior Health Science Policy Advisor, Office of Science Policy and Planning,
National Institute of Neurological Disorders and Stroke, National Institutes of Health

Ashlee Van’t Veer, Ph.D., Program Analyst, Neurogenetics Cluster
National Institute of Neurological Disorders and Stroke, National Institutes of Health

2015 MDCC Action Plan for the Muscular Dystrophies Page 12



SUMMARY LISTING OF OBJECTIVES

Mechanisms of Muscular Dystrophy

Mechanisms of disease common to several types of muscular dystrophy:

10.

Define the disease mechanisms associated with disorders caused by defects in extracellular
matrix (ECM)-membrane-cytoskeletal adhesion and signaling

Elucidate the triggers and mechanisms of abnormal cellular physiology, including apoptosis,
necroptosis, oxidative- and endoplasmic reticulum-associated stresses, in the muscular
dystrophies

Evaluate the interactions among calcium homeostasis, excitation-contraction coupling, and
muscular dystrophy pathogenesis

Define the biochemical mechanisms involved in sarcolemmal membrane repair

Define the roles of different cell types in the pathophysiology of the muscular dystrophies and
their influences on one another in normal and failed muscle regeneration

Define the pathogenic roles of immune responses to muscle and muscle inflammation in various
muscular dystrophies

Understand the impact of newly created or abnormally expressed proteins on cellular functions
and lymphocyte responses

Better characterize the effects of muscular dystrophy-associated genetic mutations, and
epigenetic dysregulation, both directly on the nervous system and indirectly as a consequence
of lost muscle function

Determine the causes of variation in age of onset and phenotypic severity of skeletal muscle,
heart, and central nervous system symptoms across diseases and among individuals with the
same mutations

Identify and characterize gene mutations or epigenetic dysregulations associated with
understudied forms of muscular dystrophy

Mechanisms relating to specific types of muscular dystrophy:

11.

12.

Define the mechanisms by which unstable genetic repeats and abnormalities in protein and RNA
expression and function lead to brain, muscle, and other tissue phenotypes in DM and develop
therapeutic strategies to block these effects

Further define the molecular pathogenic mechanisms of FSHD, and establish animal and cellular
models for testing hypotheses regarding these mechanisms and for the development of
interventions
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13. Further define the disease mechanism of Emery-Dreifuss and other laminopathy muscular
dystrophies

14. Define the molecular pathways by which mutant PABPN1 causes oculopharyngeal muscular
dystrophy (OPMD)

15. Define pathogenic mechanisms underlying CMDs due to abnormalities in dystroglycan and its
processing (dystroglycanopathies)

Diagnosis, Screening, and Biomarkers for Muscular Dystrophy

Technology and other resources for diagnostic testing:
1. Develop definitive tests for muscular dystrophies for which genetic testing is not yet available
2. Develop minimally invasive diagnostic techniques for muscular dystrophies
3. Establish the specificity and sensitivity of diagnostic tests for the muscular dystrophies

4. Advance knowledge of genotype/phenotype correlations and implement this knowledge in
patient care.

5. Establish mechanisms for muscular dystrophy patients to obtain accurate genetic counseling

Data sharing/optimal use of information and materials:

6. Encourage submission of new mutation and polymorphism data for muscular dystrophy genes
to public databases

7. Further optimize utilization of muscle biopsy materials for diagnostics and research

8. Support a web-based, non-commercial resource to assist the clinician with identifying and
choosing a diagnostic approach for muscular dystrophies

Population screening for muscular dystrophy:

9. Establish current and accurate incidence and prevalence data for genetically confirmed forms of
diagnosed muscular dystrophy

10. Develop methods for newborn screening of the muscular dystrophies; explore the social and
ethical issues involved in offering neonatal screening for muscular dystrophy and develop
techniques that would make screening practical

11. Establish and implement guidelines for screening family members and potential carriers of
muscular dystrophies and provide appropriate clinical care and counseling
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Development of biomarkers:

12. Develop and validate the role of muscle imaging in diagnostic evaluation of the muscular
dystrophies, or as a biomarker or endpoint measure for clinical trials

13. Foster the development of prognostic, predictive, pharmacodynamic, and efficacy-response

molecular/biochemical biomarkers to facilitate design, conduct and decision making in clinical
trials in muscular dystrophy; establish data in support of FDA biomarker qualification

Preclinical Therapy Development for the Muscular Dystrophies

Modulation of muscle biology:
1. Identify mechanisms of positive and negative regulators of muscle growth and repair and
establish their potential as therapeutics through preclinical testing in animal models of various

types of muscular dystrophy

2. Examine the efficacy of existing drugs for targets downstream of the primary genetic lesion in
the pathogenesis of muscular dystrophy

Cell and gene therapy/editing:
3. Overcome barriers to muscle stem cell transplantation

4. Improve the efficiency and efficacy of gene therapy delivery in the muscular dystrophies, while
minimizing the immune response to both gene product and delivery vehicle

5. Evaluate the safety and efficacy of agents that promote stop codon read-through or exon
skipping using cell or animal models of muscular dystrophy

6. Develop novel agents to improve efficacy of current gene repair strategies or to facilitate new
strategies

7. Evaluate the safety and efficacy of targeted gene silencing as a therapeutic strategy for muscular
dystrophy

Improving the process of therapy development:
8. Identify new strategies to implement translational research projects for muscular dystrophy

9. Facilitate research (discovery, validation, and dissemination) of the biochemical pathways
involved in muscular dystrophy

10. Encourage the development of target-directed and phenotypic assays suitable for screening or
validation of compounds to identify therapeutic candidates for the muscular dystrophies
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11. Develop the animal models, assays, and tools necessary for preclinical translational research
projects that focus upon rapidly moving the accumulated mechanistic knowledge into clinical
trials

12. Establish standardized endpoints for preclinical trials in mouse and dog models, and ensure that
facilities are available that enable testing of drugs and other therapeutic approaches

13. Develop preclinical strategies for selecting, testing and prioritizing combination therapies.

Clinical Therapy Development for the Muscular Dystrophies

Optimizing available therapies:
1. Optimize the use of corticosteroids as a treatment for DMD

2. Determine the mechanism of action of the corticosteroids in muscular dystrophy in order to
develop new, potentially more efficacious agents

3. Examine the efficacy of existing immune-modulating and anti-fibrotic drugs for treatment of
muscular dystrophy

4. Evaluate the efficacy of existing therapies for myotonic dystrophy symptoms affecting disease
burden.

Cell and gene therapy/editing:

5. Improve the efficiency of gene therapy delivery in the muscular dystrophies, while minimizing
the immune response to both gene product and delivery vehicle, in patients

6. Evaluate the safety and efficacy of gene repair, stop codon readthrough, upregulation of
compensating genes and exon skipping agents through additional translational studies and
clinical trials

Improving the processes and resources for patient care:

7. Improve treatment for systemic consequences in muscular dystrophy patients: developing
guidelines based on evidence and/or current practice standard of care and continually updating
guidelines for multi-disciplinary aspects of these diseases

8. Improve treatment for cardiac consequences in muscular dystrophy patients: establishing
evidence for use of FDA-approved agents and advancing new and more targeted therapies to
treat the hearts of dystrophy patients.

9. Improve treatment for respiratory and pulmonary consequences of muscular dystrophies and
address sleep disturbances.
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10.

Monitor, coordinate, and communicate the rehabilitation and educational assessment activities
of the various Federal agencies, voluntary, and patient advocacy groups to identify clinical
research needs and improve clinical outcomes

Improving the process of therapy development:

11.

12.

13.

14.

Evaluate the endpoints needed for clinical trials in the muscular dystrophies
Improve understanding of disease burden, quality of life, cognitive, and central nervous system
function for the muscular dystrophies through continued development and use of standardized

instruments.

Better establish readiness for clinical trials in all types of muscular dystrophy and initiate clinical
trials in rare muscular dystrophies

Be rigorous and systematic about the de-risking process of drugs and biologics that are
advanced into clinical trials

Living with Muscular Dystrophy

Quality of life and burden of disease measures:

Identify and evaluate the quality of life and burden of disease measurement tools that are
currently available

Develop disease-specific quality of life and burden of disease measures where gaps in existing
measures are found

Assess the cognitive, neuropsychological, and neurobehavioral profiles that most impact quality
of life of people living with various forms of muscular dystrophy and identify interventions and
supports to positively impact quality of life

Advance research into reproductive health issues in the muscular dystrophies

Conduct studies to determine the economic impact of the muscular dystrophies on patients,
families and society.

Prioritizing and facilitating clinical trials:

6.

Determine the sensitivity of clinical endpoints to changes in disease severity and the magnitude
of changes in endpoints which are clinically meaningful to patients and family members

Develop standardized data collection approaches nationally using clinically meaningful, readily
obtainable parameters; develop a minimum data set for national data gathering efforts;
complete and maintain common data elements (CDEs) for muscular dystrophies across life span
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8. Determine the benefits and risks of varied exercise approaches in the muscular dystrophies and
develop scientifically based recommendations concerning optimal exercise, physical activity,
and recreation; examine nutrition both in relationship to exercise, and as an independent
variable in improving the lives of those living with muscular dystrophy

9. Assess the prevalence of secondary conditions in muscular dystrophy using existing longitudinal
data collection efforts; assess the effectiveness of clinical management approaches to prevent
and treat secondary conditions

10. Newborn screening and infant identification: a need for a national outreach, care, information,
and support delivery model

Lifestyle, education, and employment issues:

11. Using novel partnerships and research approaches, identify strategies to improve patient
integration into educational systems and employment

12. Empowering autonomy, independent living, and employment through exploration of alternate
resource models for men and women living with muscular dystrophy

13. Address mental health needs and opportunities for improving social connectedness throughout
the life-span of individuals and their family members

14. Create a national formalized assessment of vocational outcomes for adults transitioning from
terminal education and training to workplace as a basis to identify strategies to improve
vocational outcomes

15. Educate and empower people with muscular dystrophy in self-management strategies and

educate their family members and primary care providers to promote and reinforce these
strategies.

Infrastructure for the Muscular Dystrophies

Facilitating mechanistic and preclinical studies:

1. Establish additional mouse and other large animal models to facilitate advances in
understanding disease mechanisms, to develop candidate therapeutics, and to identify and
characterize disease modifying genes

2. Establish invertebrate, other vertebrate, and alternative model systems to study pathogenetic
mechanisms of gene/RNA/protein defects that cause muscular dystrophies in humans

3. Facilitate studies of human disease mechanisms and the translation of discoveries of pathogenic
mechanism from animal models to humans by increasing the availability of well characterized,
high quality tissues/cells/serum and clinical data from muscular dystrophy patients
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4. Define the most efficient mechanisms to generate skeletal and cardiac muscle stem cells, as well
as other relevant cell types, from embryonic and induced pluripotent cells; create iPS and ES cell
lines from all the different forms of muscular dystrophy

5. Create a mechanism to maintain mouse models of muscular dystrophy at approved vendorsin a
live or cryopreserved state, available for easy and rapid importation into academic colonies
Facilitate clinical trial readiness:

6. Explore the benefits of harmonization of the existing clinical trial networks that conduct
research on the muscular dystrophies

7. Support and foster cross-communication among neuromuscular registries and consider
strategies to harmonize registries across neuromuscular disorders

8. Address the issues of setting up multinational trials especially in the academic arena relating to
trial set up and administrative burden

9. Prioritize the development of therapies that may be applicable across the various types of
muscular dystrophy

10. Continue to provide high quality mentoring and support for training and career development for
researchers new to the muscular dystrophies and throughout their careers.

11. Develop and propose revised International Classification of Disease (ICD) codes for the muscular
dystrophies
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MECHANISMS OF MUSCULAR DYSTROPHY

The Mechanisms of Muscular Dystrophy Working Group focused on gaps in knowledge about the
cellular, biochemical, and molecular mechanisms underlying the muscular dystrophies. It is important to
note that although several potential therapies for some muscular dystrophies are on the horizon, there
is still much that we do not understand about the pathological mechanisms underlying all of the
muscular dystrophies. Elucidating these mechanisms for specific types of dystrophies could contribute
to our understanding across many other forms of dystrophy and perhaps other neuromuscular diseases.
A continued investment in the basic and fundamental understanding of these processes is critical for the
identification and validation of new therapeutic targets. Without it, important drug targets may be
missed and/or poor choices of drug development targets could be made that are destined to fail. The
following objectives address barriers to disease characterization, therapeutic development, and patient
care as we understand them currently.

Mechanisms of disease common to several types of muscular dystrophy:

1. Define the disease mechanisms associated with disorders caused by defects in extracellular
matrix (ECM)-membrane-cytoskeletal adhesion and signaling

Muscular dystrophies can arise from mutations in genes coding for proteins that impact the
structural connections and signaling from the ECM, through the muscle cell membrane, to the
cytoskeleton. These dystrophies arise from loss of function mutations in 3 main categories of
genes: (1) genes encoding the cytoskeleton- and membrane-associated dystrophin-glycoprotein
complex (e.g., dystrophin, sarcoglycans, dystroglycans), (2) genes encoding proteins that
glycosylate alpha-dystroglycan and affect interaction with laminin (e.g., FKRP, LARGE, fukutin,
POMGNT1, POMT1, ISPD, B3GALNT2, GDP mannose phosphorylase B, DPM1), and (3) genes
encoding proteins in the basement membrane that interact with the extracellular side of the
sarcolemma (e.g., collagen VI and laminin). Because the normal functions of the dystrophin-
glycoprotein complex and its interactions with other proteins are not fully understood, studies
of the basic biology of this complex will complement studies of the effects of genetic mutations
that cause muscular dystrophies.

The cytoskeleton is also associated with components of the nuclear envelope and nuclear
skeleton. Research objectives related to the muscular dystrophies that are caused by defects in
nuclear components are discussed below.

The loss of the ECM-membrane-cytoskeleton link may cause dystrophic changes in muscle
directly due to weakened connections, or due to defects in signal transduction that is associated
with these structures. Additional studies are needed to enhance understanding of the role of
the dystrophin-glycoprotein complex in maintaining membrane stability and of how defects in
this complex lead to abnormal signaling, calcium entry, and muscle degeneration. For example,
the loss of neuronal Nitric Oxide Synthase (nNOS) from the dystrophin-glycoprotein complex
results in defects in signaling from the muscle to neighboring blood vessels. However, the
impact of loss of NO signaling on pathogenic progression is not clearly delineated. Progress in
therapy development can be accelerated by a better understanding of how nNOS impacts
dystrophic pathology. Several areas have been explored, including inflammation, vasodilation,
and satellite cell function, but it is still unclear whether disruption of any of these NOS-mediated
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events impact pathogenesis. It will be important to understand this area, in light of the fact that
the truncated dystrophins generated through at least two therapeutic strategies, exon skipping
and gene therapy, will often omit the NOS binding site.

ECM-membrane-cytoskeletal links in muscle cells may have other important signaling roles that
have been incompletely explored. Various pathways may converge on a smaller set of
downstream targets. The mechanisms by which disrupted muscle cell adhesion to the ECM leads
to apoptosis and altered mitochondrial function need to be more thoroughly characterized.
Efforts directed toward defining the downstream signaling pathways controlled by components
of the dystrophin-glycoprotein complex, other matrix receptors, and signaling complexes
involved in other muscular dystrophies should identify commonalities in these pathways and
downstream targets. Such knowledge may be especially valuable in identifying therapeutic
approaches that can be applied to different types of muscular dystrophies.

2. Elucidate the triggers and mechanisms of abnormal cellular physiology, including apoptosis,
necroptosis, oxidative- and endoplasmic reticulum-associated stresses, in the muscular
dystrophies

The pathology of several dystrophies includes changes in muscle cell physiology due to defects
in membrane-ECM interactions, ion gradients, or the turnover of proteins and organelles.
Further characterization of these physiological processes may lead to novel biomarkers and
additional candidate therapeutics. Apoptosis has been identified as a secondary disease
mechanism in several muscular dystrophies, including DMD, sarcoglycanopathies, some types of
CMD (e.g., MDC1A and Ulrich’s CMD), and FSHD. Interventions designed to reduce/diminish
apoptosis have led to improved histopathology, improved force generation and prolonged
survival in animal models. Pathways of the ubiquitin-proteasome system, autophagy, apoptosis
and necroptosis are interwoven, and additional studies are needed to determine not only their
individual roles in different muscular dystrophies, but also their interplay amongst all of the
muscular dystrophies. Oxidative stress, endoplasmic reticulum (ER) stress or defects in cell
adhesion signaling may be triggers for regulated cell death in some muscular dystrophies. There
are needs for further preclinical and clinical testing of candidate therapeutics that address
abnormal apoptosis or necroptosis.

Identification of the disease mechanisms leading to oxidative or ER stress and targets for
restoring normal activity in the ubiquitin-proteasome system and autophagy pathways is also
important. Further understanding of signaling associated with cell adhesion, the dystrophin-
glycoprotein complex, the cytoskeleton and the nucleus, which is the focus of other research
objectives in this section, would contribute to an understanding of the causes and mechanisms
of altered cellular physiology associated with the muscular dystrophies.

3. Evaluate the interactions among calcium homeostasis, excitation-contraction coupling, and
muscular dystrophy pathogenesis

Muscle calcium levels are tightly regulated in order to maintain a key calcium gradient between
the sarcoplasm and sarcoplasmic reticulum (SR), the major muscle calcium reservoir. One
primary role for calcium in the muscle is during excitation-contraction coupling, where release
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of calcium from the triad (a muscle fiber component that consists of the transverse-tubule and a
pair of terminal cisternae of the sarcoplasmic reticulum), and specifically from the ryanodine
receptor into the sarcoplasm, initiates cycling of the actin-myosin cross bridge and generates
muscle contraction. Altered calcium homeostasis can have several consequences for the muscle
fiber. Inappropriate sarcoplasmic calcium levels can alter excitation-contraction coupling and
can lead to excessive oxidative stress or other toxic responses.

The relationship between calcium homeostasis, excitation-contraction coupling and muscular
dystrophy is an emerging area of research. There is evidence that the loss of membrane integrity
associated with several muscular dystrophies results in inappropriate changes in sarcoplasmic
calcium levels, which, in turn, has toxic downstream consequences, including oxidative stress,
apoptosis, and autophagy. There is also evidence that muscular dystrophies can directly affect
the triad. For instance, in dystrophinopathies and sarcoglycanopathies there is preclinical
evidence that the ryanodine receptor is hypernitrosylated, leading to chronic sarcoplasmic
reticulum calcium leak, which impairs excitation-contraction coupling and causes toxic
accumulation of cytoplasmic calcium. Also, several muscular dystrophy-associated proteins
(dysferlin, caveolin-3, dystrophin, and calpain-3) have been found to be components of the
triad. The exact role of these proteins at the transverse-tubule, however, is still unclear. Finally,
in DM1 there is mis-splicing of key components of the excitation-contraction coupling machinery
(including BIN1, RYR1, and DHPR), and this is hypothesized to lead to impaired excitation-
contraction coupling and to be responsible in part for altered force generation in this condition.

Abnormalities in calcium homeostasis are a ripe subject for therapy development.
Overexpression of SERCA, the enzyme responsible for bringing calcium back into the SR from the
sarcoplasm, improves the dystrophic phenotype of both mdx and sarcoglycan deficient mice.
Treatments with RyCals, drugs that reduce ryanodine receptor type 1 leakiness, improve
muscular dystrophy pathology in the same models. Lastly, genetic approaches or drugs that
target oxidative stress seem to improve preclinical model phenotypes.

Key future directions related to this area of study include establishing more firmly the
mechanistic link between specific gene mutations and alterations in calcium homeostasis and/or
triad structure and function. Also, it is important to understand if different muscular dystrophies
are affecting the excitation-contraction coupling machinery differently, as treatment approaches
can be tailored based on what aspect of calcium homeostasis is affected.

4. Define the biochemical mechanisms involved in sarcolemmal membrane repair

Membrane repair is necessary to maintain muscle health, and defects in membrane repair
negatively impact muscle maintenance and regeneration. Membrane resealing is a dynamic
process, regulated by calcium signaling and involving vesicle transport and protein complexes
including dysferlin, calpains 1 and 2, annexins, synaptotagmin, Trim72 (MG53), and caveolin 3.

A subset of muscular dystrophies involves gene defects, namely in the genes for dysferlin or
caveolin 3, that lead to delayed or incomplete muscle membrane repair. Dysferlin deficiency
leads to autosomal recessive LGMD type 2B (LGMD2B/Myoshi myopathy or dysferlinopathy)
while caveolin 3 mutations lead to autosomal dominant LGMD1C as well as three other
myopathies (hyperCKemia, distal myopathy, and rippling muscle disease). Studies have directly
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demonstrated that membrane repair mechanisms are compromised in muscle lacking dysferlin.
Mutations in caveolin 3 that disrupt interactions with dysferlin and MG53 can disturb the repair
process in vitro.

Defects in membrane repair can set off a variety of downstream disease mechanisms, including
increased intracellular calcium and the abnormal accumulation of muscle cell components in the
extracellular space leading to activation of a strong inflammatory response.

Progress has been made in identifying key components and events in muscle membrane repair,
but additional studies are needed to fully define the normal and disease associated mechanisms
of skeletal muscle repair. Further characterization of the protein-protein and protein-
phospholipid interactions, as well as the physiological and biophysical effects of gene mutations,
will facilitate the identification of potential therapeutic targets.

5. Define the roles of different cell types in the pathophysiology of the muscular dystrophies and
their influences on one another in normal and failed muscle regeneration

Skeletal muscle is composed of fibroblasts, endothelial cells, adipocytes, fibro-adipogenic
progenitor cells, cells of the immune system, and Schwann cells and neurites, in addition to
muscle fibers and satellite cells. Many of the pathological features of muscular dystrophies arise
or may arise from disturbances in the normal interactions and communications among the
various cell types (including within muscle types like skeletal and cardiac), in addition to the cell-
autonomous effects of gene mutations or epigenetic dysregulations.

Various cell types work in concert during muscle regeneration in response to injury or disease.
Some CMDs are caused by defects in extracellular matrix, secreted by fibroblasts, which result in
abnormal adhesion and signaling in muscle cells. Factors secreted by macrophages promote
tissue fibrosis in various muscular dystrophies, and eosinophils regulate the fate of fibro-
adipogenic progenitor cells. The failure of muscle regeneration to keep pace with the loss of
muscle fibers in the muscular dystrophies may reflect limitations in the proliferation and
maintenance of the satellite cell pool or defects in their activation, migration, differentiation or
fusion with existing fibers — all influenced by other muscle cell types. Better understanding of
the normal interaction and communications of different cell types in muscle and the changes in
these activities in dystrophic muscle may lead to novel treatment strategies.

6. Define the pathogenic roles of immune responses to muscle and muscle inflammation in
various muscular dystrophies

Emerging data support a role for inflammation in the downstream pathogenesis of at least some
of the muscular dystrophies. In other forms of muscular dystrophy, primary immune responses,
such as muscle-specific lymphocyte responses, may be direct contributors to the
pathophysiology. Further advances in this field will require the identification of the specific
immune effectors that contribute to pathogenesis and the characterization and verification of
specific therapeutic targets.
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The persistent inflammatory milieu of dystrophic muscle due to degeneration and failed
regeneration elevates the levels of numerous immune cell-derived cytokines and chemokines.
Among these, the cytokine TGF-beta is strongly associated with muscle fibrosis in
dystrophinopathies. Furthermore, variations in genes encoding modulators of TGF-beta activity
(LTBP4 and osteopontin) are disease modifiers for dystrophinopathies, which demonstrates the
importance of immune cells and their secreted factors in disease progression. In other forms of
muscular dystrophy, such as FSHD, pathogenic mechanisms may also involve the interactions of
infiltrating lymphocytes with muscle cells. The presence of immune cells in muscle and
inflammation is also important for normal muscle repair and immune surveillance. Therefore,
targets for treating muscular dystrophy-associated inflammation and immune responses must
be chosen carefully. Identification of optimal targets is complicated by the dual roles played by
many of these mediators.

High priority research topics in this area include the identification and thorough characterization
of specific immune cell populations invading dystrophic muscle during disease progression and
in response to candidate therapeutic interventions. Achieving this goal may require improved
methods to isolate and evaluate immune cells in muscle. There is a need for further
characterization of the cytokine profiles in the different types of muscular dystrophy and the
effects of these cytokines on cell processes such as extracellular matrix production by fibroblasts
or cell fate determination of progenitor cells. Potential immune modulators should be evaluated
in long-term in vivo studies, and in parallel with studies of muscle fibrosis and regeneration to
reveal any potential adverse effects or induced autoimmunity.

7. Understand the impact of newly created or abnormally expressed proteins on cellular
functions and lymphocyte responses

The disease-causing muscular dystrophy mutations themselves and corresponding therapies can
result in the generation of proteins that are not normally found in nature or are expressed at an
abnormal time or place. The impact of these new protein species on normal cellular and tissue
functions, as well as the immune response to these abnormally expressed proteins, has not
been fully explored. For example, the germline transcription factor, DUX4, is mis-expressed in
FSHD muscle. Its presence abnormally activates transcripts in adult skeletal muscle, including
cancer testis antigens, which may elicit an immune response. Several lines of evidence suggest
an active involvement of these antigens in the disease mechanism of FSHD.

Studies are needed to further characterize the repertoire of proteins abnormally expressed in
dystrophic muscle and other tissues, and the impact of these proteins on normal physiologic
function and lymphocyte activity. Examples include:

o In-frame, deleted dystrophins (created by exon skipping and microdystrophins)
and their impact on sarcolemmal stability, calcium channel and microtubule
function and signaling roles of the dystrophin-glycoprotein complex.

o Abnormally expressed gene products as a result of repeat expansion and
disrupted splicing activity in DM.
o DUX4 and abnormally expressed gene products that are downstream targets of

this transcription factor in FSHD.
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8. Better characterize the effects of muscular dystrophy-associated genetic mutations, and
epigenetic dysregulation, both directly on the nervous system and indirectly as a consequence
of lost muscle function

Muscular dystrophies are associated with central nervous system changes, including brain
structural abnormalities, peripheral nerve and neuromuscular junction defects, as well as
functional deficiencies in cognition and behavior. These can be a combination of direct effects of
gene mutations or epigenetic dysregulation in the nervous system, or secondary effects due to
altered systemic metabolism (e.g., myokine production, glucose or oxygen uptake) or disrupted
communications between dystrophic muscle and the nervous system. Alterations in the
extracellular matrix of dystrophic muscle may affect the neuromuscular junctions and Schwann
cells. Reduced muscle strength and altered muscle proprioception also may lead to changes in
the brain due to altered sensory input or compensatory motor control. Additional studies are
needed to understand the involvement of the central and peripheral nervous systems in the
muscular dystrophies. Treatments that target only muscle may be insufficient to restore patient
function and quality of life without also addressing nervous system symptoms. Therefore,
characterizing nervous system abnormalities and distinguishing primary and secondary effects
of the muscular dystrophies may open new directions for therapy development.

9. Determine the causes of variation in age of onset and phenotypic severity of skeletal muscle,
heart, and central nervous system symptoms across diseases and among individuals with the
same mutations

Muscular dystrophies comprise a heterogeneous group of genetic diseases often characterized
by multi-systemic effects and distinct patterns of muscle involvement. While a characteristic
pattern of muscle weakness has traditionally been used to define the different subtypes of
muscular dystrophy, the cause for the regional distribution of muscle weakness, often with
sparing of specific muscle groups, has largely remained unresolved. Moreover, many muscular
dystrophies show noticeable variation in disease onset and progression, both between as well as
within families.

Involvement of the diaphragm and muscles of respiration often proceeds at a rate different
from other striated muscles. Loss of diaphragm function and impaired respiration is a leading
driver of morbidity and mortality in the muscle diseases, and therefore requires additional study
in all of the muscular dystrophies.

Studies in mice and humans have provided some evidence for genetic modifiers of disease
onset, presentation and progression, but a comprehensive explanation for the observed
differences in muscle, heart and brain involvement and disease progression is currently lacking.
Disease penetrance may be affected by genetic background or gene-environment interactions.
Future studies on the identification and validation of such factors, both genetic and non-genetic
(off target effects of drugs, diet, exercise, other health factors, lifestyle, etc.), may provide
insight into strategies that delay disease onset, prevent off-target effects of drugs and improve
quality of life.
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10.

Identify and characterize gene mutations or epigenetic dysregulations associated with
understudied forms of muscular dystrophy

The discovery of causative genetic or epigenetic factors would facilitate research into the
pathogenic mechanisms of many understudied muscular dystrophies. For example, only about
40 percent of LGMD cases show linkage to a known disease gene. Similarly, some patients with
Emery-Dreifuss muscular dystrophy-like phenotypes do not have mutations in the known
causative genes. These data support the importance of linkage analysis, positional cloning
efforts, candidate gene approaches, and chromatin modification and non-coding RNA
expression studies to identify novel muscular dystrophy genes or epigenetic dysregulations
associated with these conditions. Classical gene identification methods can be complemented
by whole exome sequencing of affected individuals and family members, which could lead to
the identification of many rare variants that may only be present in a few affected people. Care
must be taken to discern actual disease-causing mutations from non-pathogenic polymorphisms
when there are only anecdotal cases or small series of patients, especially when clear
segregation of the mutation and the disease is not observed in several families. These genomic
and epigenomic analyses should be conducted as international collaborations to speed
verification of findings and applicability to various subpopulations. Importantly, the functional
consequences of putative rare muscular dystrophy-causing mutations or epigenetic changes
must be studied in cellular and animal models to confirm pathogenicity and decipher pathogenic
mechanisms.

Mechanisms relating to specific types of muscular dystrophy:

11.

12.

Define the mechanisms by which unstable genetic repeats and abnormalities in protein and
RNA expression and function lead to brain, gastrointestinal, muscle, and other tissue
phenotypes in DM and develop therapeutic strategies to block these effects

The roles of RNA processing abnormalities, bidirectional transcription, and repeat associated
non-ATG (RAN) translation in DM as they relate to abnormalities of skeletal muscle, the brain
(cognitive impairment, hypersomnolence, effects of personality and behavior), endocrine/other
systems (frontal balding, hypogammaglobulinemia), the visual system (cataracts), the
gastrointestinal tract, cardiac muscle, and the skeleton (talipes) should be clarified.
Understanding the contribution of repeat instability in disease and the roles of DNA mismatch
repair, recombination, and replication in repeat expansion is also relevant to dissecting the
mechanisms of DM. Diverse therapeutic strategies to prevent or reverse the impact of RNA,
protein and repeat instability mechanisms are needed.

Further define the molecular pathogenic mechanisms of FSHD, and establish animal and
cellular models for testing hypotheses regarding these mechanisms and for the development
of interventions

There have been significant advances in recent years in understanding the genetic, epigenetic,
and molecular disease mechanisms of FSHD. There is strong evidence that FSHD is caused by
incomplete repeat-mediated epigenetic repression of DUX4 located in the D4Z4 repeat array. In
FSHD1, this is caused by contraction to an array of 1-10 units; in FSHD2, the majority of cases are
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due to mutations in SMCHD1. FSHD requires a specific background of chromosome 4 (4A but not
4B) that contains a polymorphic DUX4 polyadenylation signal. Contractions on chromosomes
that do not have a DUX4 polyadenylation signal do not cause FSHD. The changes in D424
chromatin structure in FSHD are partly identified. Follow-up studies should further identify the
genetic and epigenetic requirements of FSHD, including additional FSHD2 disease genes, as well
as other epigenetic modifiers of D4Z4 in somatic cells (whether proteins or RNA molecules or
their modifications), and the role of other genetic variants that consistently differ between 4A
and 4B alleles that might affect the D4Z4 chromatin structure or D4Z4 RNA processing. DUX4 is a
germline transcription factor normally silenced in somatic tissue. Ectopic expression of DUX4 in
skeletal muscle triggers the expression of a plethora of coding and non-coding RNAs, including
those involved in germline biology and early development, as well as the immune system. How
these altered expression patterns lead to muscle pathology should be further investigated.

There is a strong need for generating, characterizing, and distributing cellular and animal
models. Models of FSHD can facilitate further study of the pathogenic pathways and can
accelerate the development and testing of evidence-based therapeutic strategies to either
prevent the onset or reverse symptoms. The FSHD disease mechanisms are unique among the
muscular dystrophies, and the generation of model systems is challenging because of these
unique mechanisms and the hominoid-specific features of the FSHD locus. Nevertheless, gene-
specific models may be useful for the study of clinical phenotypes; xenotransplantation models
may overcome some of the hominoid-specific features of the disease; and genomic models may
facilitate study of the epigenetic and other features of the disease.

13. Further define the disease mechanism of Emery-Dreifuss and other laminopathy muscular
dystrophies

Laminopathies are a broad range of diseases caused by mutations in the genes encoding lamin
A/C and other nuclear envelope proteins. While the encoded proteins are expressed in most
somatic cells, mutations can cause tissue-selective diseases, often affecting striated muscle in
the form of muscular dystrophy and cardiomyopathy. While advances have been made in the
genetics of these disorders, progress has been limited in deciphering pathogenic mechanisms,
which could lead to the development of specific treatments. Much of the basic biology of these
disorders remains undiscovered. There is a need to define the multiple divergent effects that
single mutations in genes encoding nuclear envelope proteins exert on different tissues and how
these mutations trigger detrimental effects. Elucidation of the three-dimensional structures and
structure-function relationships of nuclear envelope proteins, particularly those altered in
human diseases, will aid in the understanding of pathogenic mechanisms. Likewise, high-
resolution imaging studies of nuclei and nuclear migration in cells with lamin A/C and other
nuclear envelope protein alterations during development and in response to mechanical or
oxidative stress may provide critical insights. It will also be important to determine the
downstream cellular responses that are caused by mutations in the genes encoding lamins A/C
and other nuclear envelope proteins. Connections between the nuclear envelope and the
cytoskeleton are important for conveying signals to the nucleus that originate from the ECM or
neighboring cells. Nuclear envelope proteins also participate in other intracellular signaling
pathways. Studies in mouse models of Emery-Dreifuss muscular dystrophy have already
demonstrated that restoring normal signaling can improve function and prolong survival. This
knowledge can provide justification for future clinical trials. Finally, statistically meaningful,

2015 MDCC Action Plan for the Muscular Dystrophies Page 27



exploratory studies of alterations in the transcriptome, proteome and protein interactome of
various cell types and tissues from animal models and people with mutations in lamin A/C and
other nuclear envelope genes could help identify pathogenic mechanisms not yet uncovered by
other approaches.

14. Define the molecular pathways by which mutant PABPN1 causes oculopharyngeal muscular
dystrophy (OPMD)

OPMD is caused by a small polyalanine expansion in the ubiquitously expressed nuclear protein
PABPN1, which plays key roles in post-transcriptional regulation of gene expression. Critical
guestions that need to be answered in order to understand the disease mechanisms of OPMD
include, “Why does a mutation in a ubiquitously expressed protein lead to a muscle-specific
disease?”, “Why is a specific subset of muscles affected in OPMD?”, “What are the cellular and
molecular events that trigger myofiber death and atrophy in OPMD?” and “Why is OPMD a late-
onset disease?” Studies of the regulation of PABPN1 levels and its RNA and protein interactions
in skeletal muscle are needed to answer these questions. Furthermore, comparisons of the
expression and function of PABPN1 in craniofacial and other muscles, in young and old patients
or animal models, may be necessary for understanding the late-onset pathology in specific
muscles. Animal models are needed to help determine whether OPMD results from gain or loss
of function, or both, and such models could also contribute to biomarker identification and
therapy development.

15. Define pathogenic mechanisms underlying CMDs due to abnormalities in dystroglycan and its
processing (dystroglycanopathies)

The dystroglycanopathies are an expanding group of CMD and LGMD caused by a mutation in
the dystroglycan gene or (more commonly) secondary abnormalities in the glycosylation of
dystroglycan. Numerous recent advances in understanding regarding the genes that lead to
dystroglycanopathies are providing a much more comprehensive view of glycosyation’s critical
role in muscle structure and function. Discovery of new causes of dystroglycanopathies has been
aided by Next Generation (Next Gen) sequencing and novel phenotyping strategies [based on
biopsies, magnetic resonance imaging (MRI), and dystroglycan glycosylation patterns]. At least
14 genes affect proper glycosylation of alpha-dystroglycan. Mutations in any of these genes
lead to a variety of muscular dystrophies (including LGMD2M, 2N, 20, 2P, MDC1C, MDC1D,
Muscle Eye Brain Disease and Walker-Warburg Syndrome).

Progress has been made in developing zebrafish and murine models for many of the gene
mutations that cause dystroglycanopathies. Although these disorders have been, in general,
difficult to study in the mouse due to the severity of whole animal knockout phenotype, newer
models should aid greatly in therapy development. Since defects in glycosylation associated with
the dystroglycanopathies results in structural and functional abnormalities in skeletal muscle,
the brain, eyes and other organs, studies of the developmental defects in these animal models
can advance understanding of the common pathways involved in these different organs and the
regulation of these pathways by membrane protein glycosylation, which could be applicable to
other forms of dystrophy.
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The importance of dystroglycan studies goes beyond the dystroglycanopathies; secondary
changes in dystroglycan function occur in other muscular dystrophies. Data has shown that
increasing glycosylation of dystroglycan with Galgt2 improves the phenotype in the mdx model
of DMD. Results from further translational studies in mice and non-human primates provide
justification for clinical testing of gene transfer of GALGT2 to skeletal muscle in DMD patients,
and this strategy may also be applicable to other forms of dystrophy.

There is a need for additional studies aimed at characterizing the fundamental biology and
function of dystroglycan post-translational modification, as well as the disease mechanisms of
dystroglycanopathies. Additional animal models of these diseases will facilitate studies of
disease mechanisms and therapy development. The potential efficacy of strategies to improve
glycosylation also should be explored in the context of other muscular dystrophies.
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DIAGNOSIS, SCREENING, AND BIOMARKERS FOR MUSCULAR DYSTROPHY

The Diagnosis, Screening, and Biomarkers for Muscular Dystrophy Working Group addressed the needs
for efficiently and accurately identifying and distinguishing dystrophies in human populations and
measuring disease related parameters. Muscular dystrophy patients and their families often encounter
a long delay between their first contact with a physician regarding their condition and an eventual
accurate diagnosis, with the various missteps referred to as the “diagnostic odyssey.” More advanced
tests and improvements in healthcare systems utilizing the tests could decrease or eliminate this
experience. Diagnostic tools help the physician, family, and patient understand the disease. Screening
tools facilitate early detection, management, and, as targeted therapies become available, earlier (and
potentially more efficacious) intervention in the disease. Population-based screening can provide data
important for the allocation of healthcare resources. Biomarkers facilitate the therapy development
process by providing an early signal of safety or efficacy of candidate therapeutics. Some biomarkers can
become qualified as outcome measures or surrogate endpoints for clinical trials.

Technology and other resources for diagnostic testing:
1. Develop definitive tests for muscular dystrophies for which genetic testing is not yet available

The ‘molecular diagnostic odyssey’ facing many patients and their physicians, where an
expanding number of causative genes are tested individually in different clinical and research
labs, is being largely solved by Next Gen (highly parallel) sequencing. Both targeted panels of
muscular dystrophy genes and complete exome studies can provide for a molecular diagnosis in
an increasing proportion of patients and their families. However, it is becoming apparent that
the wealth of riches in terms of obtaining sequence data also leads to challenges in interpreting
this data, with a particular problem of ‘over-interpretation’ or false positive interpretation (e.g.,
interpreting a DNA variant in a patient as ‘pathogenic’ when instead it may in fact be a rare
benign polymorphism). The assignment of pathogenicity depends on phenotype/genotype
correlations that are increasingly stratified and complex (e.g., specific changes in MRI patterns,
syndromic presentations, and other features that assist the astute neurologist in interpreting
the plethora of DNA variants reported on a patient). Another issue is detection of genetic
variants of unknown significance; this impacts both diagnostics and mechanistic research and a
consensus should be reached as to how such variants are to be collected and shared. It will be
more important to have centralized or coordinated interpretation facilities or forums.
Furthermore, data filtration programs for whole exome sequencing (e.g. XBrowse) should be
encouraged to be open to iterative feedback to improve the platforms and provide the ability
for the muscular dystrophy community to filter the data sets. Such ability to filter may be key to
identifying pathogenic variants, especially in conditions with new phenotypes and genes.
Another strategy that may aid in identifying pathogenic disease mutations would be to increase
the interactions of the muscular dystrophy field with the NIH Undiagnosed Diseases Program. It
would also be important to develop and improve algorithms to help determine pathogenicity
based on the clinical presentation as was recently done for LGMD.

Some relatively common muscular dystrophies are not easily diagnosed by Next Gen sequencing
(e.g., DM and FSHD). Progress has been made in publication of larger cohorts in FSHD and DM,
and defining genotype/phenotype relationships. Sharing of the phenotypic data in all diseases is
especially important, as classification of muscular dystrophies is going to be fundamentally
challenged by findings of DNA sequencing.
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New challenges have emerged in interpreting particularly large genes causing muscular
dystrophy, with the many possible pathogenic variants often reported from exome or targeted
re-sequencing studies (e.g., titin, nebulin).

Better, and importantly affordable, diagnostic tests are needed for both research and clinical
care. Increasing the fraction of patients who have accurate genetic diagnosis will increase the
available pool for research studies and increase the quality of data from those studies. Accurate
diagnosis can also improve clinical care and decrease disease burden. Investment is also needed
to support genetic testing in research and clinical trials in order to better assess disease modifier
genes to facilitate stratification and data interpretation. Demonstrating the economic benefit of
these tests through better diagnosis, better targeting of treatment, and accelerated research
will provide positive feedback for the development of more and even better tests.

2. Develop minimally invasive diagnostic techniques for muscular dystrophies

Whereas patient muscle biopsies were, at one time, essential for the process of diagnosing
DMD, physicians can now use a minimally invasive test, such as genetic testing of small blood
samples or buccal swabs, to diagnose DMD. There continues to be a need to develop quick,
minimally invasive diagnostic tests for other muscular dystrophies. In addition to genetic tests,
imaging methodology such as MRI may in the future provide a means to narrow down a
diagnosis which could then be followed by genetic tests when available. Developing improved,
rapid and minimally invasive diagnostic tests for all muscular dystrophies, and implementing
them in healthcare systems would reduce the disease burden and improve healthcare cost-
effectiveness. Such tests would also facilitate newborn screening. Developing and validating
new tests will require confirmation using traditional methods, including archived or new muscle
tissue or skin-based specimens to interpret test results. Even as gene panels are becoming more
widespread, minimally invasive techniques will also be necessary to follow-up and interpret
these results to attain an accurate diagnosis. Having standardized clinical scales would also help
in guiding the use of diagnostic tests.

There also are continuing barriers in access to genetic testing for the muscular dystrophies;
barriers include physicians not ordering genetic testing and state-to-state variability in
reimbursement rates. Often insurance will reimburse for more expensive muscle biopsies and
not for genetic testing. These barriers could be addressed through education (of both physicians
and affected people and their families) and innovative ways to help alleviate obstacles to
reimbursement.

3. Establish the specificity and sensitivity of diagnostic tests for the muscular dystrophies

As DNA sequencing costs continue to be reduced, and throughput and accessibility increased,
DNA testing continues to displace protein testing with the (often) requisite muscle biopsy.
However, the diagnostic accuracy of standardized commercially available tests is often not
known. Therefore, a priority is to establish the specificity and sensitivity of these diagnostic tests
so that patients and providers know, not only what they cover, but also what the likelihood of a
correct diagnosis is, based on the false positive and false negative rates. This may be

2015 MDCC Action Plan for the Muscular Dystrophies Page 31



accomplished through large studies to confirm the validity of new and currently available tests,
and establish standards, particularly for large genes with a lot of variation (e.g., titin, nebulin),
through aggregation of data that allows the generation of sensitivity and specificity data
comparable to what’s known for protein analysis from muscle biopsy. Acquisitioning members
of the families that are not showing any signs of the disease will also provide important data for
determining sensitivity and specificity.

The interpretation of Next Gen sequencing will likely require additional data from disease-
related biomarkers. This may involve use of antibody-based diagnostic techniques on muscle
biopsies, which are valuable and currently available, but invasive. Alternatively, there is
increased research on serum biochemical biomarkers (e.g., protein or nucleic acids) in the
context of drug development for muscular dystrophies. The potential applicability of serum
biomarkers as an aid in interpreting Next Gen sequencing variants should be further
investigated.

4. Advance knowledge of genotype/phenotype correlations and implement this knowledge in
patient care.

Improvements in genetic testing for the muscular dystrophies will increase the number of
patients for whom the specific DNA sequence changes causing the disease is characterized.
Furthermore, characterization of the course of disease in these patients, using standardized
clinical outcome assessments, will provide the data needed to inform more accurate prognoses.
In addition to the causative gene mutation, other genetic factors contribute to the disease
mechanisms and are modifiers of disease progression. Testing for these genetic modifiers will
provide additional information predictive of disease progression. Collection and analysis of data
on genotypes and phenotypes could lead to improvements in the standard of care. For
example, if specific genotypes are known to be associated with more severe or rapidly
progressing cardiomyopathy, aggressive therapies could be started in patients with those
genotypes, even before the onset of cardiac symptoms.

5. Establish mechanisms for muscular dystrophy patients to obtain accurate genetic counseling

The availability of genetic counseling services in the clinic varies enormously from very
sophisticated to very basic. Furthermore, genetic information in muscular dystrophy is very
complex (see objective 3), so even highly trained geneticists may not have the expertise to
interpret the results accurately. Therefore, it is critical that the timing and purpose of genetic
counseling be defined. Differences in the information to be shared at during preconception,
prenatal and diagnostic counseling need to be better understood. The ethical, legal, and social
impacts of genetic testing and counseling for the muscular dystrophies should be considered in
healthcare practice.

In addition to the need to train geneticists in the specifics of muscular dystrophies, better tools
to share information would be valuable. For instance, some countries (e.g., The Netherlands)
have good centralization of databases and diagnostic testing that, if adopted in the United
States, may help relay knowledge to doctors and counselors. These methods would be most
beneficial to centers in highly populated areas, but alternative methods may be more
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appropriate for areas with a lack of access to adequately trained personnel. In these instances,
telemedicine centers could provide information and services to patients and their families. Such
national call centers could be developed with engagement of appropriate professional
associations. Although there are state regulations limiting such options, an exemption for rare
diseases for a national counseling network may be feasible given the limited resources for care
in some areas. Such efforts are necessary in order to provide accurate genetic counseling to all.

Efforts to support additional training are also important, as there are too few genetic counselors
and geneticists. The training of these specialties is central to better access in the future. An
effective way to increase the number of well-qualified counselors may be to provide a
specialized year in genetics leading to formal certification at the conclusion of a neurology
training program, as is being considered by the American College of Medical Genetics and the
neurology community.

Data sharing/optimal use of information and materials:

6. Encourage submission of new mutation and polymorphism data for muscular dystrophy genes
to public databases

As more patients receive genetic testing for clinical diagnosis, and research projects conduct
genetic screening on participants, there is an opportunity to collect the data in public databases
to serve as a research resource. In addition to mutation and polymorphism data, it is important
to include phenotypic data using currently available Common Data Elements. Although there are
several existing public databases, the NIH National Center for Biotechnology Information has
developed a central, national database called ClinVar. Data in ClinVar is curated by a team at
ClinGen, who analyze the data and decide its relevance to human disease with the goal of
determining which genetic variants are most informative for patient care. This serves the critical
function of helping to make the process of mutation identification and determination of
pathogenicity more standardized. ClinVar currently lists some of the variants for many of the
genes associated with muscular dystrophies, and this data continues to accumulate. This and
other databases provide an opportunity for further investigation of genotype/phenotype
correlations for the muscular dystrophies.

7. Further optimize utilization of muscle biopsy materials for diagnostics and research

Muscle biopsies from dystrophy patients and controls, provides essential materials for testing
hypotheses regarding mechanisms of disease and for measuring tissue and cellular responses to
experimental interventions. However, invasive procedures directed at already compromised
muscle tissue are understandably of great concern to patients and their families. Advancing
technologies to conduct more analysis while decreasing the amount of tissue required, will
facilitate research advances and decrease the discomfort to patients. The utilization of pooled
cryosections of biopsies for protein or mRNA evaluation is available on a research basis in a
variety of locations. For example, dystrophin and some LGMD-associated proteins may be
evaluated by western blotting and mRNA may be evaluated by expression profiling or RNA
sequencing (RNA-seq). Mass spectrometry approaches have also been developed. However, for
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the most part, these techniques are not readily available in CLIA-certified diagnostic
laboratories.

Continued advances in the development of assays that derive more information, and more
accurate information from smaller samples, will accelerate research, increase the efficiency of
clinical trials, and reduce the discomfort of patients during the sample collection procedure.

The community is strongly encouraged to maximize the utility of biopsy material that is
necessary by ensuring it is available for research purposes. However, the community should also
strive to reduce the need for biopsies in general, and specifically in clinical trials.

Support a web-based resource to assist the clinician with identifying and choosing a diagnostic
approach for muscular dystrophies

Availability of algorithms to guide efficient diagnosis of the muscular dystrophies has been
evolving. While some muscular dystrophies already have web-based tools available to facilitate
diagnosis (see the Automated LGMD Diagnostic Assistant, or ALDA, developed by the Jain
Foundation), many others do not. Next Gen sequencing panels are rapidly changing the
landscape and potentially represent the most cost effective approach to diagnosis. Diagnosis of
muscular dystrophies would be facilitated by the availability of a resource similar to GeneTests
(https://www.genetests.org/), which hosts a list of CLIA-approved commercial or research labs
offering testing for a disease or group of diseases. ldeally, this would be implemented as a
single site, with tables that would include (at a minimum) the CLIA-approved lab with web link,
test name, genes tested, sensitivity of the tests, diseases associated with those genes, and,
ideally, some estimate of cost.

Since much of the genetic testing for the muscular dystrophies is referred to commercial labs
(volume is high; approximately 900 tests/year)—these data represent a considerable resource
that is currently untapped. The ability of researchers to leverage data from these commercial
testing resources would accelerate both research and therapeutic development for the
muscular dystrophies; issues inhibiting such data sharing and strategies for resolving them
should be explored.

Population screening for muscular dystrophy:

9.

Establish current and accurate incidence and prevalence data for genetically confirmed forms
of diagnosed muscular dystrophy

Accurate incidence and prevalence data is important for decision making in allocating healthcare
resources by public and private organizations. Muscular Dystrophy Surveillance Tracking and
Research Network (MD STARnet), a research effort funded by the CDC, has presented incidence
and prevalence figures for childhood-onset DMD/BMD. However, these data are from a cohort
with largely northern European ancestry. Thus, further efforts to obtain accurate data across
different racial and ethnic groups are needed so that the numbers better represent the general
population. The CDC is aware of this and is working to update these figures for DMD/BMD. Data
collection has been expanded to several other forms of muscular dystrophy, and it is important
to ensure inclusion of a diverse sample in all such studies which ideally would be conducted
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using population-based screens. As mutation-specific treatment becomes feasible, epidemiology
based on genotype is desirable.

The potential implementation of newborn screening would greatly improve the ability of
accurate and current incidence and prevalence data through population screening.

Itis likely that there are many individuals affected by a muscular dystrophy, yet they remain
undiagnosed. Sometimes an older patient seeks care for weakness, and this becomes the first
indication of a family cluster of undiagnosed muscular dystrophy. Advances in newborn genetic
screening may eventually lead to more consistent detection and diagnoses.

10. Develop methods for newborn screening of the muscular dystrophies; explore the social and
ethical issues involved in offering neonatal screening for muscular dystrophy and develop
techniques that would make screening practical

The addition of a disorder to the Recommended Uniform Screening Panel (RUSP) requires the
approval of the Secretary’s Advisory Committee on Heritable Disorders in Newborns and
Children, and the Secretary of the Department of Health and Human Services. Disorders are
chosen based on evidence that supports the potential net benefit of screening; included among
the criteria is the existence of a cost effective test that is easily adaptable to state screening
labs, and evidence of the availability of an effective treatment or intervention. There is a high
threshold for addition of tests to the RUSP. Achieving this goal for muscular dystrophies will
require the cooperative work and funding of many partners within the MDCC.

Even in the absence of an approved therapy (and therapies are only starting to receive
conditional approval for one type of muscular dystrophy, DMD), newborn screening is important
when early diagnosis results in improved clinical management. But, it is also important to begin
to evaluate the feasibility of newborn screening for muscular dystrophies without current
management paradigms. First, this proactive approach should be a parallel activity to therapy
development, as the development of newborn screening programs can take considerable time.
Screening approaches that allow for identification early in infancy may enable children to
receive treatments while they are still asymptomatic. Second, newborn screening provides
actionable information for families at an early stage (and avoids the diagnostic odyssey). With
the implementation of newborn screening programs it is crucial to establish a system of long-
term follow up of the children identified. Such a system would lead to greater understanding of
the disorders.

There are multiple newborn screening technology platforms being developed, and it is critical to
have as accurate testing as possible done in the first tier, to avoid false positives, but also to
exclude those with genetic changes that are not clinically significant. At this time it is likely that
newborn screening paradigms that assess enzyme activity or protein level will have to be
combined with a second tier of gene sequencing.

As part of newborn screening initiatives in the area of muscular dystrophy several ethical, legal
and societal implications must be taken into consideration. How and when to report conditions
that are currently non-actionable or have a late onset must be explored. It is important for
education and outreach include patients, parents and providers.
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11. Establish and implement guidelines for screening family members and potential carriers of
muscular dystrophies and provide appropriate clinical care and counseling

Often times the diagnosis of a muscular dystrophy patient leads to the realization that other
living family members are potential carriers or have the disease, but are less severely affected.
For X-linked muscular dystrophies, mothers of affected boys and other female family members
may be carriers, and can be predisposed to cardiac disease and other phenotypes. The disease
burden on the family can be reduced by screening members for previously undiagnosed
dystrophy and comprehensive phenotyping to detect subclinical symptoms. Access to genetic
counseling should also be provided (see Objective 5 above). Guidelines for screening family
members and symptoms to look for in carriers could be included in the web-based resource to
assist the clinician with identifying and choosing a diagnostic approach described in Objective 8
above.

Development of biomarkers:

12. Develop and validate the role of muscle imaging in diagnostic evaluation of the muscular
dystrophies, and as a biomarker or endpoint measure for clinical trials

The field of muscle imaging in muscular dystrophies has evolved significantly and has moved
from qualitative evaluation of patterns to quantitative imaging. While the role of muscle
imaging in diagnostics remains limited, the potential value for quantitative muscle imaging in
research is high. A number of groups have demonstrated that specific imaging modalities (MRI
and ultrasound) can detect muscle pathology and are sensitive to disease progression in
muscular dystrophies (e.g., CMD, DMD, FSHD and LGMD), and, recently, it has been shown that
MRI can detect the therapeutic effect of corticosteroids in DMD. Given the limitations of current
outcome measures for clinical trials in muscular dystrophies, there is an urgent need to validate
the potential of imaging strategies, both as a biomarker and an endpoint for clinical trials. To
date, MRI has been incorporated in only a handful of clinical trials in dystrophies. However, the
emerging data supports a much expanded future utilization of muscle imaging in clinical trials.
Muscle imaging strategies may potentially be used at different stages of the clinical trial process
as prognostic, predictive, or pharmacodynamics biomarkers. This will require an increased focus
on quantitative imaging strategies, quality control procedures, and standardized data collection
across sites.

The study of quantitative muscle imaging should be expanded to qualify these measures as
biomarkers and validate them as outcome measures in clinical trials. To help manage variability
introduced by differences in technology and analytic software, consideration should also be
given to the development of standardized data collection and quality control procedures for
imaging studies in the muscular dystrophies, and perhaps centralized testing and/or analysis
facilities for the conduct of these studies.

13. Foster the development of prognostic, predictive, pharmacodynamic, and efficacy-response
molecul